Object. Limited resuscitation following uncontrolled hemorrhagic shock (HS) has been associated with improved outcomes in various animal models, although it has not been previously studied in the setting of traumatic brain injury (TBI) and ethanol intoxication. The aim of the present study was to determine the effects of ethanol intoxication in a model of experimental TBI and HS treated with limited resuscitation.
RAUMATIC brain injury is a significant societal problem, involving considerable morbidity and mortality rates and monetary costs. The Centers for Disease Control and Prevention estimates that almost 1.3 million people sustain a TBI annually in the US, involving 280,000 hospitalizations and 50,000 deaths. 1, [43] [44] [45] Ethanol intoxication predisposes a patient to TBI, and up to 50% of patients with such injuries have a blood alcohol concentration greater than 0.1%. Authors of some clinical studies have suggested that ethanol intoxication is associated with a worse outcome and early death in patients with TBI. 19, 21, 24, 31, 52 Furthermore, data from some animal studies have demonstrated that ethanol intoxication leads to greater cardiovascular and respiratory impairment and increased mortality rates. 50, 56 Secondary brain injury is a key factor in determining outcome after TBI. Even brief periods of hypotension and hypoxemia, resulting from HS or respiratory failure, are associated with significantly greater morbidity and mortality rates. 10, 11, 28 The presumed mechanism is a loss of cerebral autoregulation resulting in a secondary ischemic insult to highly vulnerable brain tissue. 11, 28 In addition, laboratory data have demonstrated that brain injury adversely affects the normal compensatory response to HS. 15, 48, 49 Hence, the initial treatment of brain-injured patients can have a significant affect on final outcome. To date, guidelines for the early treatment of patients with TBI accompanied by HS have emphasized aggressive fluid resuscitation (also known as fluid restoration) with the goal of rapid volume expansion and blood pressure restoration. 16 Recently, however, data from laboratory studies of uncontrolled hemorrhage (without TBI) and a randomized clinical trial have demonstrated that early, aggressive fluid replacement can exacerbate ongoing hemorrhage and increase the short-term mortality rate, compared with limited resuscitation to a target MABP of 40 to 60 mm Hg. 5, 23, 38, 39 Most recently, data from a study of combined TBI and uncontrolled hemorrhage have revealed that aggressive fluid resuscitation, as is currently recommended, results in an increase in the hemorrhage volume, subsequent failure to optimize cerebrovascular hemodynamics, no improvement in neurological outcome scores, and greater short-term mortality rates. [39] [40] [41] Although initially limited fluid resuscitation reduced shortterm mortality rates, this approach was at the expense of cerebral perfusion, as demonstrated by decreases in CBF and sagittal sinus O 2 saturation measurements. In the presence of TBI, limited resuscitation from HS must be carefully performed to avoid secondary brain injury and, in fact, has been successfully demonstrated. 41 It is not known how ethanol intoxication might affect outcome in the context of combined TBI and HS followed by limited fluid resuscitation. Therefore, the purpose of the current study was to evaluate the effects of ethanol intoxication on short-term survival, hemorrhage volume, and the cardiovascular and cerebrovascular responses to TBI and uncontrolled hemorrhage followed by initially limited fluid restoration. We hypothesized that acute ethanol intoxication would worsen cerebral and cardiovascular physiological parameters and reduce survival time in a model of TBI and HS with limited resuscitation.
Materials and Methods

Study Design
This study was a laboratory investigation of the effects of ethanol in swine subjected to TBI and uncontrolled hemorrhage treated with limited resuscitation. Swine were chosen because their physiological response to ethanol intoxication, TBI, and HS simulates the human physiological response more closely than any other nonprimate. Immature swine have cardiovascular, cerebrovascular, hematological, and electrolyte profiles almost identical to those in young humans. 20, 51, [53] [54] [55] [56] [57] [58] A fluid-percussion injury model was chosen because it has been studied extensively, is highly reproducible, and incorporates secondary injury. 6, 7, 11, 13, 22, 27, 29, 35, 47 Hemorrhage was initially induced in a controlled manner from a femoral artery catheter connected to a computerized roller pump. Uncontrolled hemorrhage was secondarily induced via the creation of an aortic tear, as previously described. 41 The study protocol was reviewed and approved by the University Committee on Use and Care of Animals, at the University of Michigan, and was in accordance with the National Institutes of Health guidelines for ethical animal research.
Preparation of Animals
On the night before the experiment, food was withheld from 34 immature swine weighing 17 to 24 kg. Animals had free access to water. Just before the experiment, the animals were sedated with intramuscularly administered ketamine (20 mg/kg) and were placed supine on the operating table. A mixture of 2% isoflurane, 33% oxygen, and 65% nitrous oxide was administered via a nose cone. When a surgical plane of anesthesia had been established, the animals were endotracheally intubated, and the isoflurane concentration was reduced to 0.75%. The abdomen, anterior surface of the neck, and both femoral artery areas were cleaned and prepared with povidone iodine solution. The right femoral artery was isolated via a cutdown and cannulated using a 1.67-mm inner diameter polyethylene catheter for blood withdrawal. The left femoral artery was similarly isolated and cannulated using a No. 5 French pigtail catheter, which was advanced into the left ventricle for BP monitoring and dye-labeled microsphere injection. The right femoral vein was cannulated using a polyethylene catheter (1.67-mm inner diameter) for drug and fluid administration. A No. 5 French flow-directed Swan-Ganz catheter was inserted into the right external jugular vein and advanced into the pulmonary artery for pressure, core temperature, and cardiac output monitoring as well as mixed venous blood sampling. The right carotid artery was then isolated and cannulated with polyethylene tubing for continuous BP monitoring.
Uncontrolled hemorrhaging was accomplished with the creation of a 4-mm aortic tear. A midline abdominal incision was made, the retroperitoneal fascia incised, and the ventral surface of the infrarenal aorta exposed. A size 4-0 monofilament stainless-steel surgical wire was placed through the ventral wall of the infrarenal aorta into the aortic lumen, advanced, and withdrawn at a point 4 mm distal to the site of entry. The wire ends were then exteriorized through the abdominal incision, and the wound was closed.
The animal was then placed prone in a head stabilizer, its head was shaved and prepared with povidone iodine solution, and the scalp was reflected. A 16-mm diameter craniotomy was created in the right parietal region adjacent to the sagittal suture and 6 cm anterior to the inion. A T-shaped bolt was screwed into the craniotomy site until it abutted the intact dura mater. The bolt was then connected to a fluid-percussion device as well as to a high-pressure transducer that was used to quantify the brain injury. A second craniotomy was performed in the left posterior parietal region 3 mm anterior and 5 mm lateral to the bregma, and a neonatal intraventricular catheter was placed in the left lateral ventricle and connected to an ICP monitor. A brain temperature probe was placed adjacent to the ICP catheter. A third craniotomy was made in the midline just anterior to the inion, and a No. 4 French fiberoptic catheter was placed in the sagittal sinus for cerebral venous blood sampling. All catheters were sealed in place with dental cement (Fig. 1) .
Once instrumentation was complete, the animals were paralyzed using an intravenous bolus of 1.5 mg/kg succinylcholine followed by a continuous infusion of this agent at 2 to 4 mg/kg/hr. The animals were maintained on the succinylcholine infusion and placed on a volume-cycled ventilator to maintain arterial CO 2 pressure between 40 and 45 mm Hg.
Study Protocol
Thirty minutes after beginning the succinylcholine infusion, baseline metabolic, hemodynamic, and blood flow measurements were obtained. The combined TBI and hemorrhage protocol was as follows: TBI was inflicted using a standard fluid-percussion device (Stevenson Machine Company, Cincinnati, OH) with a target force of 3 atm. At the same time, hemorrhage was initiated from the left femoral artery catheter at a rate of 35 ml/kg over 30 minutes via a computer-driven roller pump. To duplicate more closely the physiological and kinetic features of traumatic hemorrhage, the computer was programmed to withdraw blood at a rate that decreased exponentially over time with the decrease in BP, as described in previous publications. 38, 39 Blood shed from the femoral artery catheter was placed in a blood collection bag containing 0.067 ml of citrate per 1 ml of blood for an estimated hemorrhage volume of 30 ml/kg of the animal's body weight. Once the animal's MABP reached 50 mm Hg, the aortotomy wire was pulled, creating a fixed vascular lesion and allowing free intraperitoneal hemorrhage. When the MABP decreased to 30 mm Hg, the catheter hemorrhage was discontinued and resuscitation was begun. A similar aortic tear hemorrhage model has been used in several previous investigations and is highly reproducible, has a 1-hour mortality rate approaching 90% if the animal is not immediately resuscitated, and yet is responsive to various therapeutic regimens. 38, 39 Thirty-four swine were randomly assigned to one of three groups as follows: Group I animals (14 swine) received tap water via a gastrotomy tube before injury and were initially resuscitated to a target MABP of 60 mm Hg according to the limited restoration protocol described later. Group II animals (14 swine) received ethanol via a gastrotomy tube before injury and were resuscitated to a target MABP of 60 mm Hg. A total dose of 4 g/kg of ethanol was administered in two 2-g/kg split doses 30 minutes apart, with the first dose given 120 minutes before injury. Group III animals (control, six animals) were not resuscitated.
For the first 60 minutes of resuscitation, animals in Groups I and II were subjected to limited resuscitation to a target MABP of 60 mm Hg. During this period, normal saline (0.9% NaCl) and shed blood were infused as needed to maintain the target blood pressure. The normal saline was infused at a rate of 6 ml/kg/min (maximum infusion volume 75 ml/kg), whereas the shed blood was administered at a rate of 2 ml/kg/min only after the maximum volume of normal saline had been given. At 60 minutes, the hemorrhage from the aortic tear was controlled to simulate hospital arrival, and further infusions of normal saline and shed blood were provided as needed to return MABP and other physiological parameters toward normal levels. A warming blanket was used as needed to maintain blood and brain temperatures between 36 and 38˚C throughout the placement of instruments and the experimental protocol. Animals were observed for a total of 150 minutes after the initiation of fluid resuscitation or until death. Animals that survived the 150 minutes were killed using 100 mg/kg of sodium pentobarbital administered intravenously. The peritoneal cavity was opened postmortem, and the intraperitoneal fluid and thrombus were collected and measured. The aorta was resected for examination and measurement of the aortic tear. The brain and kidneys were removed and sectioned for blood flow analyses (Fig. 2) .
Obtaining Measurements
The heart rate; systolic and diastolic BP; MABP; central venous, pulmonary artery, and left ventricular pressures; and ICP were recorded at baseline and continuously throughout the experimental protocol by using a multichannel physiograph (7758; Hewlett Packard, Andover, MA). The respiratory rate, tidal volume, minute ventilation, and end-tidal CO 2 were continuously monitored using a capnometer (Datex Capnomac Ultima; Datex Instrumentarium Corp., Helsinki, Finland). We measured cardiac output using the thermodilution technique at baseline and every 15 minutes thereafter. Blood was collected at baseline, at the start of fluid replacement (Time 0), at 15-minute intervals until 90 minutes, and at 30-minute intervals thereafter to measure hemoglobin; hematocrit; and arterial, mixed venous, and cerebral venous blood gases (ABL 505, EML 100, and OSM3; Radiometer Medical, Copenhagen, Denmark). Arterial and cerebral venous lactates were measured every 30 minutes. Cerebral and renal blood flow measurements were obtained at baseline and at 30, 60 (just before obtaining control of the aortic hemorrhage), and 150 minutes after beginning resuscitation by using dye-labeled microspheres and the reference sample method, as described in previous publications. 40, 41, [54] [55] [56] Ethanol levels were measured using a standard enzymatic assay (Sigma Diagnostics, St. Louis, MO) at baseline and at 60 and 120 minutes after resuscitation was started. The CPP, CO 2 ER, CMRO 2 , and cerebral O 2 delivery were calculated using standard formulas. Primary outcome parameters included total intraperitoneal hemorrhage volume, resuscitation requirements (normal saline and blood), survival time, and overall mortality rate.
Data Analysis
Results are reported as the means Ϯ SD. Hemorrhage volumes and metabolic and hemodynamic data at baseline and Time 0 were compared among the groups by using ANOVA with a post hoc Tukey-Kramer test. An rmANOVA was used to test longitudinally measured parameters. Death and survival time were compared using the Fisher exact and Kruskal-Wallis tests, respectively. Statistical analysis was completed using commercially available software (Systat, version 10.2; Systat Software, Inc., Point Richmond, CA). Because only one of the control animals survived to 60 minutes, comparisons of major physiological parameters were limited to the ethanol-and tap water-exposed groups. Probability values less than 0.05 were considered significant and were reported with 95% confidence intervals.
Results
There were no significant differences in the baseline parameters among the groups. The force of the brain injury and catheter hemorrhage volumes were similar among the groups. Animals exposed to ethanol had significantly larger intraperitoneal hemorrhage volumes and required greater crystalloid and blood resuscitation volumes. Survival time was significantly decreased in animals that received ethanol compared with those that received tap water. Study results are summarized in Table 1 .
Systemic hemodynamic parameters were worse throughout the experimental protocol in the ethanol-exposed animals, despite their greater fluid resuscitation volumes, compared with the tap water-exposed animals. The MABP remained significantly lower in the ethanol-infused group compared with the tap water-infused group throughout the initial 60-minute resuscitation period (p = 0.003, rmANOVA; Fig. 3 ). Cardiac output between Time 0 and 60 minutes did not differ between the tap water-and ethanolinfused animals (p = 0.601, rmANOVA). Although cardiac output measurements were higher in the ethanol-infused group after 60 minutes, this result is likely related to a selection bias, given that only five animals in this group survived beyond 60 minutes, and of these five pigs, three had very high cardiac outputs (Fig. 4) .
Although ICP did not differ between the two groups (p = 0.79, rmANOVA), CPP was significantly lower in the ethanol-infused animals during the 60-minute period of lim- ited resuscitation (p = 0.014, rmANOVA; Figs. 5 and 6). This difference in CPP was largely a reflection of the lower MABP in the group that received ethanol. Cerebral blood flow decreased in both groups but was not significantly different between the two (p = 0.623, rmANOVA). The CMRO 2 did not differ significantly between the groups (p = 0.157, rmANOVA; Table 2 ). The CO 2 ER also decreased over the course of the resuscitation but was not significantly different between the groups (p = 0.167, rmANOVA; Fig. 7 ).
There were significant differences in the systemic as well as the cerebral metabolic parameters between the two groups. Arterial lactate and base deficits were significantly greater, as were cerebral venous lactates in the ethanol-exposed animals compared with the tap water-infused animals (Table 3) .
Group III was a control group of six animals subjected to TBI and HS and not resuscitated. The force of injury and intraperitoneal hemorrhage volume were similar in these control animals compared with the other two groups ( Table 1) . The mean survival time was 16 Ϯ 24 minutes, and all animals in this group died before 70 minutes had passed.
Mortality rates and mean survival times are presented in Table 1 . The mean survival time was significantly lower in the ethanol-exposed group (p = 0.001, Kruskal-Wallis test). Kaplan-Meier curves depicting the percentage of survival over time are presented in Fig. 8 .
Discussion
In this model of TBI and HS, ethanol-intoxicated animals had significantly larger hemorrhage volumes and required greater amounts of normal saline and blood during resuscitation. This hemodynamic compromise, with relatively * Values represent the means Ϯ SDs. Abbreviations: Cath = catheter-induced; hem = hemorrhage; IP = intraperitoneal; NA = not applicable; NS = normal saline; t = time.
† Group I, tap water infused via gastrotomy tube before injury and fluids replaced to MABP of 60 mm Hg; Group II, ethanol infused via gastrotomy tube before injury and fluids replaced to MABP of 60 mm Hg; Group III, controls that received no replacement fluids.
‡ Probability values were calculated using ANOVA with a post hoc Tukey-Kramer test for all data except the mortality rate and survival time, which were compared using the Fisher exact and Kruskal-Wallis tests, respectively. § Significant difference in mortality rates between Groups I and III only.
FIG. 3. Graph demonstrating MABP (MAP) levels in swine exposed to ethanol (squares) or tap water (circles).
poor physiological and metabolic parameters in the ethanol-exposed group compared with the tap water-exposed group, is consistent with results of past studies on ethanol intoxication in TBI and HS. [54] [55] [56] [57] Survival time was significantly decreased in the ethanol-infused group as well, a finding that is also consistent with data in previous studies. These relatively poor outcomes are notable despite the limited resuscitation protocol that has optimized these parameters in past studies of non-ethanol intoxicated animals. 23, [39] [40] [41] Current guidelines recommend aggressive resuscitation in patients with severe TBI with the goal of restoring the in- travascular volume and BP toward normal levels to avoid or minimize the potential for a secondary ischemic brain insult caused by hypotension. 8 These standards are based on study data demonstrating that the outcome of TBI is significantly worsened when accompanied by a secondary insult such as hypotension. Reports based on large trauma databases have documented the association of hypotension in patients with worse outcomes. 10, 29, 36, 47 Note, however, that retrospective data from trauma databases do not assess resuscitation strategy, and no inferences can be made or conclusions drawn from these data with respect to the appropriate treatment in these patients. Authors of several clinical studies have suggested that increased CPP by aggressive resuscitation is associated with improved mortality rates 32 and improved surrogate parameters like jugular bulb venous O 2 saturation and middle cerebral artery blood flow velocity. 8, 9 These studies were uncontrolled or included historical controls that may not represent similar patient populations. They also lacked CBF and metabolic data and definitions of the mechanisms for reported improvements. Furthermore, these studies were performed in the relatively controlled setting of a neurosurgical intensive care unit, with interventions such as the administration of systemic vasopressors, infusion of mannitol, and drainage of cerebrospinal fluid with a ventriculostomy catheter. It is not known if these interventions are beneficial or technically possible in patients with TBI and HS in the prehospital or emergency department setting. To date, no prospective randomized controlled trials have been conducted on the resuscitation of various CPP thresholds in the emergency or prehospital setting in patients with TBI.
Given that limited resuscitation of animals with TBI and HS has been associated with improved outcomes, in this study we attempted to determine whether ethanol compromised this treatment algorithm. Although there were no significant differences in several physiological parameters in this study, such as CPP, CBF, and CO 2 ER, overall the ethanol-infused group appeared more physiologically and metabolically stressed and had greater hemorrhage volumes, greater resuscitation needs, and decreased survival times.
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Ethanol, traumatic brain injury, and shock Cerebral venous lactate was also significantly higher in this group, which may have resulted from the metabolism of ethanol itself. This metabolism can increase the hydrogenated form of nicotinamide adenine dinucleotide during its oxidation, stimulating pyruvate dehydrogenase to form lactate from pyruvate. 54 It is also possible that elevated cerebral venous lactate levels were related to more severe systemic hypoperfusion and acidosis with greater tissue ischemia in the ethanol group, even in the absence of significantly different cerebral physiological parameters. Overall, the ethanol-intoxicated animals had worse outcomes with this limited resuscitation protocol.
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The previous literature documenting the effects of ethanol intoxication in the setting of TBI and HS has been mixed. Earlier work undertaken in our laboratory has demonstrated that ethanol impairs ventilatory response and lowers MABP and CPP in combined models of TBI and HS. 53, 56 The respiratory response (although not the hemodynamic effects) may be mediated by opiate receptors, as ethanol's effect in this model was attenuated by the addition of naltrexone, an opiate antagonist. Ethanol intoxication is also associated with lower cerebral venous pH and higher cerebral venous lactate levels in a similar model. 54 The mortality rate was also higher in ethanol-exposed animals in this study. Recently, authors of other studies have suggested that ethanol may have a neuroprotective effect. Data from one study demonstrated lower rates of immunoreactivity for synaptophysin, a surrogate injury marker, in ethanolexposed animals subjected to TBI. 46 Hypothetically, this outcome was related to ethanol's inhibition of excitatory N-methyl-D-aspartate receptors. Results of another study showed that ethanol attenuated the increase in proinflammatory cytokines interleukin-1␤ and tumor necrosis factor-␣ in the cerebral cortex, hippocampus, and hypothalamus. 17 Note, however, that authors of these studies evaluated ethanol and TBI in the absence of HS. Data from a recent clinical study indicated an association with elevated serum ethanol levels (Ͼ 100 mg/dl) and lower global CBF but did not demonstrate any impairment in neurological outcome. 2 Finally, caffeinol, or the combination of ethanol and caffeine, has received recent attention as a potentially neuroprotective agent in the setting of ischemic brain injury. 4, 42 Authors of a recent study examined caffeinol in the setting of TBI and found reduced cortical tissue loss and improved working memory. 12 Data from another recent study of uncontrolled HS without TBI in althesin-anesthetized rats revealed that ethanol did not have adverse effects on hemodynamic parameters, although fluid resuscitation was not part of the model. 37 In the present study, we did not test whether the ethanol group would have done better with a more aggressive resuscitation protocol as opposed to the limited resuscitation. Although this outcome has not been observed in animals subjected to TBI and uncontrolled hemorrhage in the absence of ethanol intoxication, it is possible that the ethanol-intoxicated subgroup may be optimized with a different treatment algorithm. Ethanol increases hypotension and decreases cardiac output in the setting of TBI and HS, subsequently leading to lower CPP and CBF. The latter information combined with data from the current study demonstrating a greater fluid requirement in the ethanolintoxicated animals would support the hypothesis that a more aggressive resuscitation regimen is indicated in the presence of ethanol intoxication. In contrast, greater infusion volumes might have resulted in even greater hemorrhage volumes as well as other potential complications commonly associated with large-volume resuscitation (that is, exacerbation of intracranial hypertension leading to a greater secondary ischemic insult). Future research directions may include the comparison of multiple resuscitation strategies for ethanol-intoxicated animals with TBI and HS.
Data from previous atraumatic models have demonstrated the effects of ethanol on platelet aggregation, clot formation, and vascular tone. 3, 14, 25, 26, 33, 50 These effects were not studied in our model, but it is plausible that impaired platelet aggregation and reduced peripheral vascular tone could have contributed to the worse response to TBI and HS. Ongoing resuscitation research in the area of TBI and HS continues to reveal a complicated interconnection between hemodynamic and cerebrovascular parameters. Individual patients represent a complexity of interactions, including the severity and nature of brain injury, associated systemic injuries, and presence of intoxicants, that will ultimately determine optimal treatment. A one-size-fits-all approach to aggressive resuscitation therapy in patients with TBI and HS is not supported by basic science or clinical research. Further study is indicated to clarify resuscitation regimens that will minimize secondary injury and optimize outcome.
This study has several important limitations. First, the present model includes only short-term physiological and metabolic outcomes. There is no evaluation of long-term outcomes, including neurological function or death, important issues for patients who have sustained a TBI. Second, this model represents a very specific injury pattern that may not be generalizable to all patients who suffer multiple traumas with TBI. Note, however, that no single animal model will allow us to address all of the complex pathophysiological processes that occur in the setting of combined TBI and HS, although we believe the current model offers significant advantages. It combines a reproducible percussion injury with a secondary injury and allows complex monitoring of systemic and neurophysiological factors in the postinjury period. Even so, animal models cannot precisely replicate TBI in the clinical setting, although they do provide the opportunity to examine the complexities of the injured brain in a controlled fashion. Third, with the administration of isoflurane, there is the potential for a neuroprotective effect from the anesthesia. CBF and ICP in experimental brain injury. 18, 30, 34 Certainly, a model excluding anesthesia would be more ideal and representative of the acutely injured patient, but such a model would not be humane or ethically responsible. Isoflurane is commonly used clinically, and therefore we believe it is an appropriate choice for the current experimental protocol.
Conclusions
To the best of our knowledge, this study represents the first examination of the effects of ethanol on limited resuscitation for TBI and HS. Data from past models have indicated that limited resuscitation may prevent the exacerbation of ongoing hemorrhage and optimize cerebrovascular physiological parameters in TBI combined with HS. Given the deleterious effects of ethanol in this model, however, one must exercise caution in using limited resuscitation without close attention to hemodynamic status. There is the potential for worsening secondary brain injury and increased risk of death. Ongoing research in this area is necessary to elucidate optimal resuscitation regimens for the ethanol-intoxicated patient with TBI and HS.
